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Abstract—No-flow underfill has greatly improved the
production efficiency of flip-chip process. Due to its unique
characteristics, including reaction latency, curing under solder
reflow conditions and the desire for no post-cure, there is a need
for a fundamental understanding of the curing process of no-flow
underfill. Starting with a promising no-flow underfill formulation,
this paper seeks to develop a systematic methodology to study
and model the curing behavior of this underfill. A differential
scanning calorimeter (DSC) is used to characterize the heat
flow during curing under isothermal and temperature ramp
conditions. A modified autocatalytic model is developed with
temperature-dependent parameters. The degree of cure (DOC)
is calculated; compared with DSC experiments, the model gives
a good prediction of DOC under different curing conditions. The
temperature of the printed wiring board (PWB) during solder
reflow is measured using thermocouples and the evolution of DOC
of the no-flow underfill during the reflow process is calculated. A
stress rheometer is used to study the gelation of the underfill at
different heating rates. Results show that at high curing tempera-
ture, the underfill gels at a lower DOC. Based on the kinetic model
and the gelation study, the solder wetting behavior during the
eutectic SnPb and lead-free SnAgCu reflow processes is predicted
and confirmed by the solder wetting tests.
Index Terms—Coefficient of thermal expansion (CTE), degree
of cure (DOC), differential scanning calorimeter (DSC), flip-chip
process, no-flow underfill, printed wiring board (PWB).
I. INTRODUCTION
FLIP-CHIP has advantages over other interconnectionmethods including high input/output (I/O) counts, better
electrical performance, high throughput, low profile, etc. [1],
and has been practiced in industry for a couple of decades.
Recently, the desire for low cost, mass production has resulted
in the increasing use of organic substrates such as FR-4 printed
wiring board (PWB) instead of ceramic substrates. In order
to alleviate the thermal stress on the solder joint caused by
the difference between the coefficient of thermal expansions
(CTE) of silicon chip and the organic substrate, underfill was
invented and its application in flip-chip has greatly enhanced
the reliability of the package by redistributing stress among the
chip, substrate, underfill and all the solder joints [2], [3]. How-
ever, the current underfill process encounters various problems.
The conventional underfill is drawn into the gap between the
Manuscript received June 6, 2002; revised December 6, 2003. This work was
supported in part by Resolution Performance Products, Lindau Chemicals, Inc.,
and Shikoku Chemicals Corporation. This work was recommended for pub-
lication by Associate Editor L. T. Nguyen upon evaluation of the reviewers’
comments.
The authors are with the School of Materials Science and Engineering, Pack-
aging Research Center, Georgia Institute of Technology, Atlanta, GA 30332
USA (e-mail: cp.wong@mse.gatech.edu).
Digital Object Identifier 10.1109/TCAPT.2004.828556
chip and the substrate by the capillary flow, which is usually
slow and can be incomplete, resulting in voids. It also produces
nonhomogeneity in the resin/filler system. In addition, curing
of the underfill takes hours in the oven [4]. These problems
are further aggravated with increasing chip dimensions and I/O
counts, and decreasing gap distances and pitch sizes.
In order to address the problems associated with conventional
underfill, the no-flow underfill process was invented and the first
successful no-flow underfill material was developed by Wong
and Shi [5]. In the no-flow underfill process, the underfill is dis-
pensed onto the substrate prior to the chip placement. The un-
derfill has the fluxing capability to facilitate the solder to wet
on the contact pads of the substrate during solder reflow. This
technology simplifies the underfill process by eliminating the
flux application and cleaning, underfill dispensing and capil-
lary flow, and combining the solder reflow and underfill curing
into one step [6]. The no-flow underfill process and materials
have been developed for several years and evaluated in industry.
Most no-flow underfill materials are epoxy-based thermosetting
resins, which have been widely used as adhesives, surface coat-
ings, molding compounds, etc. However, the curing process of
no-flow underfill is unique in that the resin is subjected to the
solder reflow with a high-ramped heating and a fast cooling
cycle. During the solder reflow process, the resin is fully cured
or partially cured. The nature of the no-flow underfill process
requires that the underfill have enough reaction latency to main-
tain its low viscosity until the solder joints are formed. Other-
wise, gelled underfill would prevent the melting solders from
collapsing onto the contact pads, resulting in low yield of solder
joint. On the other hand, elimination of the post cure is desired
since post cure takes additional off-line process time, adding
to the cost of this process. Hence, the curing procedure of the
no-flow underfill is dramatically different from that of the epoxy
resins in conventional applications.
This unique process of the no-flow underfill requires a good
understanding of the curing behavior of the underfill during the
solder reflow process. In order to predict the gelation of the
underfill, a suitable curing kinetics needs to be established and
the gel point of the underfill needs to be identified. The curing
kinetics of the thermosetting resins has been widely studied. The
fundamental rate equation which describes the reaction rate as
a function of time and temperature is
(1)
where is the degree of cure (DOC) and is the curing
rate; is the rate constant as a function of temperature, gener-
ally given by an Arrhenius relation in which is the activation
energy and is the frequency factor; and is the reaction
model, which is related to the reaction mechanism. The form
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of is usually phenomenological. The simplest empirical
model used is order rate equation:
(2)
where is the reaction order. The order kinetics model
predicts a maximum of reaction rate at the beginning of the
curing and does not account for any autocatalytic effects. It has
been applied to the curing of epoxy resins [7], [8] and maleic
polyester resins [9]. More often used as the reaction model is
the autocatalytic model shown as
(3)
where and are reaction orders. It has been applied to the
cure of unsaturated polyester [10] and vinyl ester resins [11].
One drawback of these models is its incapability to deal with
diffusion-controlled reaction at the later stage of curing. As the
reaction system approaches vitrification, the local viscosity be-
comes so high that the reaction rate virtually drops to zero. It
is possible to modify the autocatalytic model in (3) to provoke
mathematically the prediction of zero reaction rate at the vitri-
fication point by using a maximum DOC [12]
(4)
where is the maximum DOC the reaction system can
achieve at a given temperature. Using the above kinetic equa-
tions, the isothermal conversion data can be fitted to obtain the
model parameters at a given temperature. From the reaction con-
stants at different temperatures, the activation energy and the
frequency factor can be obtained. The reaction orders and the
maximum DOC can be modeled as functions of temperature to
give accurate description to the curing behavior.
In the recent years, the model-free analysis has gained
acknowledgment as an approach to analyze the nonisothermal
data. The isoconversional method proposed by Friedman
allows evaluation of the activation energy unattached to the
reaction model [13]. In a constant heating rate experiment, the
heating rate is presented by . Equation (1) can be
represented as
(5)
Writing (5) in the logarithmic form for different heating rates
and considering it at a constant conversion, the following
equation can be obtained as the basis of the isoconversional
method
(6)
The slope of the plot versus gives
the activation energy related to a given conversion. Assuming
the simple additive superposition of the individual reactions of
a possible multistep mechanism, the isoconversional method
can be used to predict the curing behavior of isothermal and
constant heating rate condition. The model-free analysis allows
a conversion-dependent activation energy and is more appro-
priate than the traditional single activation energy approach for
multistep reactions. However, the interpretation of activation
energy variation with conversion is still controversial. Even
though the isoconversional method allows the prediction of
the curing behavior at isothermal temperatures and constant
heating rates, it is unable to predict the evolution of DOC
under an arbitrary heating profile. In the current study, the
no-flow underfill showed a single curing peak, and therefore




The no-flow underfill under study was composed of an epoxy
resin, a hardener, a latent catalyst, and a fluxing agent. The
epoxy in use was EPON Resin 826 from Resolution Perfor-
mance Products. The hardener was methylhexa-hydrophthalic
anhydride (MHHPA) from Lindau Chemicals, Inc. The ratio of
epoxy to hardener was 1:0.85 based on the epoxide equivalent
weight (EEW) of the epoxy resin and the hydroxyl equivalent
weight (HEW) of the hardener. The catalyst was an imidazole
derivative from Shikoku Chemicals Corporation. The concen-
tration of the catalyst was 1 phr (per hundred resin). The fluxing
agent was incorporated into the no-flow underfill in order to
reduce the metal oxide on the solder surface and to facilitate
the solder wetting. The fluxing agent in use was hexamethylene
glycol from TCI; its concentration was 2.5 wt% based on the
mixture of epoxy and hardener. The mixing procedure was as
follows. The specified amount of the catalyst was dissolved into
the epoxy resin at an elevated temperature on a hot
plate with magnetic stirring. Then the hardener was added into
the mixture and stirred at room temperature. The fluxing agent
was mixed into the resin and the whole mixture was stirred at
around 70 until a uniform solution was formed.
B. Characterization
To study the curing behavior of the no-flow underfill, a
modulated differential scanning calorimeter (DSC) by TA
Instruments, Model 2920 was used. A sample of about 10 mg
was placed into a hermetically sealed DSC sample pan and
put in the DSC cell under a 40 ml/min nitrogen purge. The
heat flow during curing under isothermal temperatures and
constant heating rates was recorded. The constant heating rate
curing experiments were conducted from room temperature to
300 at 3, 5, 10, 15, and 20 . The isothermal curing
experiments were carried out at 110, 120, 130, 140, 150, 160,
170, and 180 .
To study the viscosity change during the curing of no-flow
underfill, a stress rheometer (by TA Instruments, AR1000N)
was used in an oscillation mode. A parallel plate geometry was
used and the experiments were conducted at a frequency of
1 Hz (for isothermal experiments) or 10 Hz (for constant heating
rate experiments) and an oscillation stress of 500 Pa. Temper-
ature-gap compensation was applied to keep constant gap dis-
tance of 500 . The samples were heated from room temper-
ature to 200 at heating rates of 3, 5, 10, 15, and 20 .
Isothermal curing experiments were conducted at 110, 120, 130,
ZHANG AND WONG: MODELING OF THE CURING KINETICS OF NO-FLOW UNDERFILL 385
Fig. 1. DSC measured heat flow in an isothermal experiment.
140, and 150 . The gel point is defined point when the phase
angle of the complex viscosity reaches 45 .
C. Reflow Process
The actual temperature profile of the reflow process was
obtained according to the thermocouples mounted onto a PWB
which was subjected to the reflow process in a seven-zone
BTU reflow oven. In order to observe the fluxing capability
of the no-flow underfill, a drop of underfill was dispensed
onto a cleaned copper sheet placed onto the same PWB. The
copper sheets were cleaned by the following procedure: 5 min
immersion in acetone, 5 min immersion in methanol, then 20 s
immersion in 50/50 solution, followed by DI water
rinse and clean air-jet drying. Both the eutectic SnPb solder
and the lead-free solder (95.5Sn/3.5Ag/1.0Cu) were used in
the reflow test. The solder balls were placed on top of the
underfill and the PWB was subjected to the reflow process. The
wetting of the solder balls on copper sheet was observed using
an optical microscope. To estimate the DOC of the no-flow
underfill after reflow, a small amount of the no-flow underfill
sealed in a DSC sample pan was placed onto the PWB and
reflowed. The DOC of the underfill after reflow was determined
by the DSC residual heat under a heating rate of 5 .
D. Curing Kinetic Model
The heat flow during curing under isothermal temperatures
and constant heating rates was recorded in the DSC exper-
iments. An example of the DSC measured heat flow in an
isothermal experiment is illustrated in Fig. 1. The baseline was
selected according to the ending heat flow. The area under
the heat flow curve was integrated to get the total reaction
heat . The partial reaction heat at time was
calculated by the partial integral as shown in the shaded area.
Then the DOC and the reaction rate at time
were calculated according to (7) and (8). The calculated DOC
versus time is shown in Fig. 2. The same method can be used
to calculate the DOC in a constant heating rate experiment.
Fig. 2. Calculated DOC versus time in an isothermal experiment.
TABLE I
TOTAL REACTION HEAT AT DIFFERENT HEATING RATES IN DSC EXPERIMENTS




The calculated and was fitted into the autocat-
alytic curing kinetic model as shown in (4) using least square
method. The kinetic parameters were modeled as functions of
the reaction temperature. The DOC change in the isothermal
and constant heating experiments was calculated based on the
developed kinetic model and was compared to the DSC experi-
ment results. Using the reflow profile measured by thermo-cou-
ples, the DOC evolution of the underfill during a solder reflow
process was calculated.
III. RESULTS AND DISCUSSION
A. DSC Curing Study
The total reaction heat from the DSC constant heating rate ex-
periments can be integrated and the results are listed in Table I.
It can be seen that the total reaction heat does not vary much with
the different heating rates. The discrepancies between each run
can be attributed to the experimental errors. It can be concluded
that the total reaction heat of the curing of the no-flow underfill
under this study is around 320 J/g.
The isothermal DSC experiments were carried out at different
temperatures from 110 to 180 . At temperatures lower
than 110 , the reaction rate was too slow and can be ig-
nored unless the sample stays at this temperature for a long
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TABLE II
TOTAL REACTION HEAT AT DIFFERENT ISOTHERMAL
TEMPERATURES IN DSC EXPERIMENTS
Fig. 3. Reaction order n fitted into polynomial.
time. At high temperatures, significant heat flow losses could
occur in the beginning of the experiments when the sample is
trying to equilibrate at the isothermal temperature. Table II lists
the total reaction heat of the isothermal experiments. As ex-
plained early in the paper, at low temperatures, the experiments
came to a stop when ’s of the curing samples approached
the isothermal temperatures. So the total reaction heats under
those conditions were lower than 320 J/g. From the total reac-
tion heat, the maximum DOC at those temperatures can be cal-
culated. On the other hand, at high temperatures, experimental
error was introduced at the initial equilibrium period and total
reaction heat was underestimated. However, this does not imply
that the maximum DOC decreased with increasing temperature.
A treatment for the high temperature data was adopted in this
paper where the loss in the total reaction heat was calculated
based on the result from the constant heating rate DSC exper-
iments and was used as the initial reaction heat when the DSC
started to record heat flow in isothermal experiments. Hence,
the maximum DOCs were forced to be 1 for experiments con-
ducted at temperatures equal to or above 150 . For reaction
temperatures higher than 180 , the initial heating introduces
too much experimental error and therefore the data were not
used for model development.
B. Modeling Results
Using the isothermal DSC data, an autocatalytic model can
be established at each isothermal temperature according to (4).
Fig. 4. Reaction order m fitted into polynomial.
Fig. 5. Maximum DOC as a function of temperature.
The kinetic parameters , , and are modeled as func-
tions of isothermal temperature in polynomial relations. As can
be seen in Fig. 3, can be fitted into first order, second order,
third order, or likewise higher order polynomial relation with
the reaction temperature. It also can be observed that although
higher order polynomial gives better fit to the present data, it
might result in poor prediction for the reaction carried out under
temperatures outside the current experiment range. For instance,
the third order fit for predicts a decreasing trend at high tem-
perature. For this reason, the second order polynomial functions
were adopted for the parameter , , and as shown in
Figs. 3–5. The maximum DOCs for temperatures higher than
150 were forced to be 1 and those for temperatures lower
than 150 were fitted into a second order polynomial func-
tion. The rate constant is related to the temperature according
to the Arrhenius equation as indicated in (1). The activation en-
ergy and the frequency factor can be obtained in a plot of
versus as shown in Fig. 6.
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Fig. 6. Plot of lnK versus 1/T.
Fig. 7. Comparison of the model and experiment data in isothermal DSC (1).
All the results for the temperature-dependent kinetic param-
eters are summarized as
Figs. 7 and 8 show the comparison of the calculated DOC
from the model and that from the isothermal DSC experiments.
It can be seen that at low isothermal temperatures, the model
tends to underestimate the reaction rate, especially at the early
stage of the reaction. However, at high isothermal temperatures,
the model is in pretty good agreement with the experimental
data. For the constant heating rate experiments, the modeled
Fig. 8. Comparison of the model and experiment data in isothermal DSC (2).
Fig. 9. Comparison of the model and experiment data in constant heating rate
DSC.
DOC agrees well with the experimental data as indicated in
Fig. 9. To compare this model with the conventionally used au-
tocatalytic kinetic model based on isothermal experiments and
B & D (Borchardt and Daniels) kinetic analysis, TA Specialty
Library software from TA Instruments was used to obtain the
model parameters. The isothermal model (referred as model 2
in Figs. 10 and 11) parameters are
Note that the reaction orders are not temperature-dependent, and
is always considered to be 1. The B & D kinetic analysis
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Fig. 10. Comparison of three models with experiment results at a heating rate
of 5 C=min.
Fig. 11. Comparison of three models with experiment results at a heating rate
of 15 C=min.
(referred as model 3 in Figs. 10 and 11) uses an n-th order re-
action model fitted for DSC data at a constant heating rate of
5
Figs. 10 and 11 illustrate the difference in the three models
in comparison with the experimental data at a constant heating
rate of 5 and 15 . As can be seen in the two figures, the
autocatalytic curing kinetic model with temperature-dependent
parameters (model 1) offers the best prediction in the DOC evo-
lution with time. At 5 , model 3 gives decent prediction
since it uses the DSC data at the same heating rate. However, at
a higher ramping rate, neither model 2 nor model 3 shows good
agreement with the experimental data while model 1 follows the
data very well.
Fig. 12. Isothermal rheology experiment of the no-flow underfill at 130 C.
TABLE III
DOC AT GELATION AT DIFFERENT ISOTHERMAL TEMPERATURES
C. Study of the Gelation of No-Flow Underfill
For no-flow underfill, the time to gelation is most important
for achieving high yield in assembly. Beyond the gelation point,
the resin is no longer flowable, hence it will interfere with the
solder wetting process. In order to correlate the gel point of the
underfill with DOC, the change of the underfill viscosity with
curing was studied in a stress rheometer in the oscillation mode.
Fig. 12 showed the result of the rheometer experiment at an
isothermal curing temperature of 130 . The figure plots the
magnitude of the complex viscosity and the phase angle
for the underfill during the isothermal curing experiment.
It can be seen that when the phase angle changes from 90 to
0 , the viscosity of the underfill increases by about six orders
of magnitude due to the gelation. Therefore, the time to gel can
be obtained for the underfill cured at 130 as the phase angle
reaches 45 . On the other hand, the DOC of the underfill during
the isothermal curing experiment can be calculated from the
DSC data as shown in Fig. 2. Based on the time to gel, the DOC
at gelation of the underfill during isothermal curing at 130
can be determined. Similarly, the rheology experiments can be
performed at a constant heating rate and the DOC at gelation at
the constant heating rate processes can be obtained.
The isothermal curing experiments of the no-flow underfill
at five different temperatures were performed and the time to
gelation at each temperature was identified. Compared with the
DSC isothermal curing experiments, the DOC at gelation of the
underfill at these temperatures is listed in Table III. It can be
seen that the DOC at gelation at temperatures around and below
130 is around 0.4. However, the DOC at gelation at tem-
peratures higher than 130 seems to decrease with increasing
temperature. The isothermal curing experiments using the stress
rheometer were performed by raising the temperature of the
plate to the set temperature and starting the experiment immedi-
ately after the set temperature is reached. The initial equilibrium
ZHANG AND WONG: MODELING OF THE CURING KINETICS OF NO-FLOW UNDERFILL 389
TABLE IV
DOC AT GELATION AT DIFFERENT HEATING RATES
Fig. 13. Reflow profile and evolution of DOC according to the model.
time might introduce some error in the calculation of DOC at
gelation. In order to avoid the initial equilibrium error from the
isothermal experiment, curing experiments at constant heating
rate were conducted to verify the dependency of DOC at gela-
tion on the temperature. Table IV shows the DOC at gelation
of the underfill at different heating rates, which was calculated
from the DSC curing experiments and rheometer curing exper-
iments. Because the oscillation frequency used in the constant
heating rate experiments was higher than that in the isothermal
experiments, the gelation appeared to happen at a lower DOC.
Despite the difference caused by the frequency, the DOC at gela-
tion showed the same trend. It decreases with increasing heating
rate, which is equivalent to high curing temperature. Generally
speaking, the gelation is usually considered to happen at a fixed
conversion, independent of temperature as long as the reaction
mechanism is not a function of temperature [14]. The anomalous
gelation behavior of the underfill was studied in detail elsewhere
and it was found to be related to the process of network forma-
tion [15].
D. Evolution of DOC and Prediction of Gelation in a Reflow
Process
The DOC evolution of the no-flow underfill during solder
reflow process was calculated according to the developed curing
kinetic model and the reflow profiles. Both the eutectic SnPb
solder reflow profile and the SnAgCu lead-free solder reflow
profile were investigated. The melting point of the eutectic SnPb
solder is 183 , and the melting point of the lead-free solder
is 217 . The measured reflow profiles were used as the input
to the Matlab program that calculated the DOC of the underfill
based on the developed underfill curing kinetic models.
Fig. 13 shows the DOC evolution of the no-flow underfill in
the two reflow processes. The melting points of the two types
of solder are also marked on the figures. At the temperature
Fig. 14. Wetting of the solder ball on copper sheet after reflow.
TABLE V
COMPARISON OF EXPERIMENT DETERMINED DOC
AFTER REFLOW AND MODEL PREDICTION
when the SnPb solder starts to melt, the DOC of the underfill
is around 0.2, indicating a low conversion at the solder melting
point which is desirable for the application of no-flow under-
fill. In the lead-free reflow process, on the other hand, the DOC
of the underfill is around 0.4 when the lead-free solder starts
to melt. According to the study of the gelation behavior, the
DOC at gelation varies from 0.2 to 0.4 depending on the curing
temperature. Therefore, the underfill should not gel before the
solder melting in the eutectic SnPb solder reflow process. On
the other hand, in a lead-free solder reflow process, the under-
fill probably has gelled before the lead-free solder starts to melt.
The high viscosity of gelled underfill will restrict the molten
solder from wetting on the copper pad. In order to verify the pre-
diction, solder wetting tests were performed. The cross sections
of both the eutectic SnPb solder and the lead-free solder balls
are shown in Fig. 14. As expected from the kinetic modeling
and the gelation study, the eutectic SnPb solder ball can wet on
the Cu surface during the eutectic SnPb solder reflow process
while the lead-free solder ball cannot wet on the Cu surface in
the lead-free solder reflow process.
As a check of the kinetic models, a DSC sample holding the
no-flow underfill was taped to the printed circuit board and was
subjected to the reflow process. The curing profile of the under-
fill after reflow was measured using DSC, in which the residual
heat of the sample was obtained and used to calculate its DOC
after reflow. Table V shows a comparison of the experiment de-
termined DOC after reflow and the prediction of DOC after re-
flow from the kinetic model. As can be seen from the table, the
developed model for curing kinetics tends to underestimate the
DOC after reflow in both cases of eutectic SnPb solder reflow
and lead-free solder reflow. The discrepancy between the model
and the experiments at late stage of reflow process could be due
to the thermal transport behavior in the underfill. Unlike in a
DSC experiment when the sample is in direct contact with the
furnace and the thermal couple, the underfill is in contact with
FR4 board that is low in thermal conductivity. During the late
stage of reflow process, the board temperature dropped imme-
diately while the temperature inside the underfill sample might
remain at a relatively higher temperature for the completion of
the reaction. The effect of no-flow underfill curing in the tem-
perature distribution of a flip-chip package was modeled using
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FEM analysis and it was found that due to the small volume
of the underfill, the exothermic curing reaction did not signif-
icantly influence the temperature of the underfill [16]. There-
fore, the discrepancy is likely due to limitation of the isothermal
curing model. The isothermal data used to develop the model are
between 110 and 180 while the reflow temperature can
go up to 220 . At high temperatures, the reaction mechanism
can be different from that at low temperatures. In consequence,
there may be a difference in the reaction order and activation
energy that was not accounted for in the current model.
IV. CONCLUSION
The curing process of no-flow underfill is dramatically dif-
ferent from other thermosetting resins. It has a profound impact
on the yield and reliability of a flip-chip on board package. As
a phenomenological approach, the curing behavior of a partic-
ular no-flow underfill formulation was modeled using an auto-
catalytic kinetic equation with temperature dependent parame-
ters. Compared with the DSC results, the model gave a good
prediction of the evolution of DOC in the isothermal and con-
stant heating rate experiments. The gelation of the no-flow un-
derfill was studied and the gel points at different curing condi-
tions were identified. It was found that the gelation occurs at a
lower DOC at a higher curing temperature than it occurs at a
lower curing temperature for the underfill in this study. Based
on the kinetic model and the temperature profile in the reflow
process, the DOC evolution and the gelation of the no-flow
underfill was predicted in the eutectic SnPb solder reflow and
the lead-free solder reflow processes. Modeling results showed
that the no-flow underfill can provide enough curing latency for
the wetting of the eutectic SnPb solder while the same under-
fill would pre-gel in the lead-free solder reflow process before
the solder melting. The predicted solder wetting behaviors were
confirmed in the solder wetting experiments. The residual re-
action heat of reflowed underfill determined by DSC indicated
that the model underestimated the DOC after reflow, which was
likely to due to the limiting isothermal data.
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